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SERIES OF CHROMIUM CARBIDE-BASED SELF-LUBRICATING COMPOSITES

Michael Scott Bogdanski
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SUMMARY

This master's thesis describes an investigation of the effects of processing and

compositional variations on the tribological, microstructural, and compressive strength

characteristics of PM212. PM212 is a self-lubricating composite, comprised of a wear resistant

metal bonded chromium carbide matrix, containing the solid lubricants barium fluoride/calcium

fluoride eutectic and silver. Several alternate composites were formulated which had lubricant and

matrix variations. Processing variations included sintering and hot isostatic pressing (HIPping).

Pin-on-disk tests were used to screen the alternates for friction and wear properties. Several of the

chromium carbide-based self-lubricating composites exhibited low friction and wear in sliding

against a nickel-based superalloy. One specific composition contained gold in place of silver to

minimize the potential reactivity of the composite with possible environmental contaminants such

as sulfur. This formulation also resulted in a composite with good tribological properties. The

results indicate that several of these composites have potential use as sliding bearing and seal

materials in operation from 25°C to temperatures as high as 900°C. The good tfibological

performance by several different composites showed that the composition of PM212 can be altered

without dramatically affecting performance.



CHAPTER1

INTRODUCTION

Thereisanongoingneedfor materialswhichcanbeusedfor slidingbearingsandseals

requiringoperationfrom belowroomtemperatureto temperaturesashighas900°Cin oxidizing,

reducing,andinertatmospheres.Oil lubricationcannotbeusedtocoverthetemperaturerangein

theseapplicationssincetheupperlimit of oil lubricantsis 300to 350°(2(Reference1). Solid

lubricantsoffer thepotentialtomeettheselubricationchallenges.However,thetraditionalsolid

lubricantssuchasmolybdenumdisulfide(MoS2)andgraphitedonothavethetemperature

capabilitiesneeded.

Traditionalsolidlubricantssuchasgraphite,MoS2,andpolytetrafluoroethylene(PTFE)

functionwell within certainregimes(Reference2). PTFElinedbearingsprovideexceptionallylow

frictionbuthaveanuppertemperaturelimit of approximatelyI50°C. Abovethis temperature,the

PTFEsoftensandwearincreasesconsiderably(Reference2). MoS2is anexcellentsolid lubricant

for vacuumapplicationsfrom low temperatureup to 650°C. However,in air,MoS2 oxidizes to

form molybdic oxide (MOO3) which does not provide lubrication. This oxidation occurs at

temperatures as low as 300°C, and is very dependent on the flow rate of oxygen to the compound

(Reference 2). Graphite does not perform well in vacuum or in dry air because its ability to

lubricate relies on the absorption of moisture and hydrocarbons. The maximum service

temperature for lubrication by graphite is approximately 550°C, beyond which, severe oxidation

inhibits its lubrication ability and life (Reference 2).

The limitations of the traditional solid lubricants underscore the need for innovative material

systems capable of providing lubrication over a wide range of



temperatures.In addition,thesesystemsmustbeableto withstandcorrosiveatmospheres.The

PS200andPM200compositeshavebeendevelopedatNASA LewisResearchCenterin response

to theseneeds.

ThePS200plasmasprayedcompositecoatingseriesandthePM200seriesof powder

metallurgycompositeshavebeenshowntoprovidelow frictionandwearoverawide temperature

spectrum.PS200andPM200compositesarecomprisedof awearresistantmetalbonded

chromiumcarbide(Cr3C2)matrixwith thesolid lubricantsbariumfluoride/calciumfluoride

(BaF2/CaF2)eutecticandsilver. Silveris presentasa low temperaturelubricant(up to 500°C).

TheBaF2/CaF2eutecticfunctionsasthehightemperaturelubricant(400°Candup). Thesolid

lubricantadditionsprovidelubricationbyformingalow shearstrengthfilm duringsliding. The

eutecticis usedinsteadof asinglefluoridesinceit hasalowermeltingpoint andthusalower

softeningtemperature.Thecompositematerialsfunctionby replenishingthesliding contact

surfaceswith lubricantsaswearoccurs.In doingso,afilm containingthelow shearstrength

lubricantsis formedattheslidinginterface(Reference3).

Potentialapplicationsfor thesematerialsincludecryogenicprocesscontrolvalves,variable

temperaturecontrolsurfacebearings,hightemperaturecombustionenginecylinderwall coatings,

backuplubricantcoatingsfor gasbearings,andturbineenginesealsandbushings(References4-

6).

ResearchatNASA LewisResearchCenterwhich ledto this thesisessentiallybeganwith

aninvestigationof thefeasibilityof usingsolidfluoridesasalubricantin 1960(Reference7). This

work focusedon thelubricatingpropertiesof ceramiccoatings,diffusion-bondedfluoride

coatings,andceramic-bondedfluoridecoatingsto temperaturesashighas815°C. Promising

resultswereobtainedwithceramic-bondedCaF2coatings.Thin films of CaF2appliedto the

surfaceof theceramic-bondedcoatingsfurtherimprovedlubrication. However,thethin film

coatingsonly performedwell above400°Candhadalimited life.

This wasfollowed throughoutthenexttwenty-fiveyearsbyseveralstudiesof varioushigh-



temperatureandlow-to-hightemperature,self-lubricatingcoatingandcompositesystems.

Additionally,differentmethodsof applyingcoatingsandmakingcompositeswereinvestigated.

OnesystemusedporousInconel(anickel-basedsuperalloy)infiltratedwith fluorides(Reference

8). Thishadalonglife comparedto thethin films, butstill hadaminimumusefultemperatureof

400°C. Anothersystemwasathin fluoridecoatingwhichcontainedMoS2(Reference9). This

hada usefultemperaturerangeof 25°Cto 800°C,however,theMoS2oxidizedat thehigher

temperatures.Hence,thecoatingwasineffectiveatlower temperaturesoncetheMoS2was

oxidized. Silverwasalsoincorporatedinto thin fluoridecoatings(Reference9) to aid in the

lubricationat lower temperatures.In addition,silverhasahighmeltingpoint(961°C)andis

relativelynon-oxidative,with theexceptionof a light oxideformationbetween200°Cand300°C.

Beyond300°C,theoxidereducesto elementalsilver(Reference10). Thissilvercontaining

fluoridecoatinghada widetemperaturerange,yetstill possessedalimiteddueto its limited

thickness.Followingthiswork,metalbinderswith ananti-oxidantglasswereincorporatedinto

thesilver-fluoridecoatings,usingplasmasprayingtechniques(Reference11). Thissystemhada

widetemperaturerangecapabilityandalongerlife dueto its increasedthickness,butstill hadan

inadequatewearresistancefor longdurationapplications.

In 1985,theuseof silver andfluoridesaslubricantsin anickel-cobalt(NiCo) bonded

chromiumcarbide-basedplasmasprayedcoatingwasstudiedin bothpin-on-diskandgasfoil

bearingtests(References12,13).It wasobservedthatthick films of silveralonedid not function

well dueto theexcessiveplowingwhichoccurred(Reference12).Thus,thesilver wouldonly

functionwell asathin film if usedby itself. However,a compositeof silver with awearresistant

matrixmaterialwouldeliminatetheplowingeffectencounteredin asilverfilm alone.Additionally,

solid fluorideswereaddedbasedon thepreviousknowledgeof theirability to lubricateathigher

temperatures.Thefoil beatingandpin-on-disktestsindicatedthatthePS200coating(80wt%

NiCo-Cr3C2,I0% Ag, and10%BaF2/CaF2eutectic)providedlower friction andwearthanthe

unmodifiedNiCo-Cr3C2coating(Reference13). This ternarysystemconceptwasanoutgrowth
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of thework in Reference11whichusedmetalaloneasthewearresistantmatrix for thedispersed

solid lubricants.

Severalstudiesperformedfrom 1985to 1990arereportedin References3, 14-18,wherein

detailedresearchprogramswereconductedto furtherinvestigateself-lubricating,wearresistant,

plasmasprayedcompositecoatings.Two of theprogramsfocusedon therefinementof theplasma

sprayedcoatingcomposition;onewith gas-foilbearingstudies(Reference18)andtheotherwith

pin-on-diskstudies(Reference3).

Thesilver andfluoride lubricantswerefoundto behavesynergistically,i.e., the

performanceof thecoatingdecreasedwhenonly oneof thelubricantswaspresent.Theeffectof

atmosphereon thetribologicalperformancewasinvestigatedin Reference14. It wasfoundthat

thebestperformanceoccurredin ahydrogenatmosphere.Bothfriction andwearincreasedin an

oxidizingatmosphere(air). Silverfilms (100to 150nmthickness)sputteredontothePS200

coatingprovidedabeneficialeffectbyenrichingthesurfacewith lubricantandreducingtheinitial

abrasivenessof thegroundPS200surface(Reference15). This in turnreducedtheinitial wearof

thecounterfacepin in thepin-on-disktest.

Thequalitycontrolrequirementsof thePS212coating(70wt%NiCo-Cr3C2,15%Ag, and

15%BaF2/CaF2eutectic)wereinvestigatedin Reference16,whereinoptimumparameterswere

determinedfor machiningtechniques,plasmaspraying,andheattreatment.Limitationsof plasma

spraying,suchasthedifficulty associatedwith insidediametercoatingandwasteassociatedwith

over-sprayled to thedevelopmentof apowdermetallurgyversionof PS200,namely,PM212.

In 1990,thetribologicalpropertiesof PM212(70wt%NiCo-Cr3C2,

15%Ag, and 15%BaF2/CaFaeutectic)pinsin sliding againstsuperalloydiskswerereportedin

Reference19. ThePM212pinswerefabricatedbytheuseof coldcompactiontechniquesfollowed

by pressurelessfurnacesintering.Thecompositepinsweretestedoveraspectrumof

temperatures,slidingvelocities,andappliedloadsandwerefoundtoexhibitgoodtribological

properties.Mechanicalandthermophysicalpropertiesof PM212weretheninvestigated(Reference



20).

It wasfoundthatfully densePM212formedby hot isostaticpressing(HIPping)wasthree

timesstrongerin compressionthansinteredPM212whichwasonly 78%dense.Severalother

propertiesincludingtensilestrength,elasticmodulus,thermalexpansioncoefficient,andthermal

conductivityweredetermined,Mostrecently,acomparisonof thetribologicalperformanceof

sinteredPM212andHiPpedPM212showedthattheHiPpedversionprovidedslightly lower

frictionandwear(Reference21). Finally, theeffectsof replacingthesilver in PM212with gold,

whichrepresentsaportionof this thesis,is alsodetailedin Reference22.

Theplasmasprayedandpowdermetallurgycompositesdescribedhereinareprotectedby

U.S.Patents4,728,488and5,034,187(References23,24). Thesepatentscover thegeneral

conceptof thecarbide/fluoride/silvercomposites,includingbothcompositionandmanufacturing

methods.

Thispresentinvestigationfocusesontheeffectof processingandcompositionalchanges

on theperformanceof thePM212powdermetallurgyhightemperatureself-lubricatingcomposite.

Figure1.1illustratestheapproachutilizedin this investigation,whichwill bedetailedin the

remainderof thischapter.Alternatecompositionschosenfor studyhaduniquecharacteristics,

suchasmatrixonly (noaddedlubricants),only a singlelubricantadded,singlefluoride in placeof

theeutecticfluoride,additionalamountof lubricant,addedunbondedchromiumcarbidein placeof

someof themetalbondedchromiumcarbide,andtheuseof gold insteadof silver.

A tribologicalevaluationof thealternatecompositionswasperformedatseveral

temperaturesusingpin-on-diskmethods.Two processingrouteswereusedin this investigation;

coldcompactionfollowedby sinteringandcold compactionfollowedby HiPping. HiPping yields

partsof higherstrengthanddensityin comparisonto sintering(Reference20). Hemispherically

tippedpinsfabricatedfrom thecompositeswereslid againstnickel-basedsuperalloydisksin apin-

on-disktribometerwith temperaturesrangingfrom 25 to 900°Cat aslidingvelocityof 2.7m/s.

Theintentof theevaluationwasto determineif anyof theprocessingorcompositionalchangeshad
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asubstantialpositiveor negative effect on tribological properties.

The silver in PM212 imposes certain limitations on the use of the composite. Silver has the

lowest melting point of the constituents of the composite (961 °C). Thus, the material cannot be

used much above 900°C. Additionally, silver combines directly with sulfur (a constituent typically

found in petroleum derived fuels) to form silver sulfide (a corrosive compound), even at low

temperature (Reference 10). The possibility for stress corrosion cracking of superalloys due to

sulfidation attack is a concern.

Since intended applications of PM212 are in turbine engines which use superalloys, it is

desirable to have a composite which does not contain an easily sulfided element, such as silver.

Hence, a portion of this study investigates the feasibility of replacing the silver in PM212 with the

volumetric equivalent of gold. The new composite is designated PM212/Au and has the following

composition: 62wt% NiCo-Cr3C2, 25% Au, 13% BaF2/CaF2 eutectic.

Gold in its metallic state does not combine directly with sulfur (Reference 10). Thus, the

potential for sulfide formation with the low temperature lubricant in the composite is eliminated. In

addition, by replacing the silver with gold (melting point, 1063°C), the eutectic has the lowest

melting point (1050°C). Hence, the upper temperature limit for the composite may be higher than

900°C for limited periods.

The HIPped gold-containing composition PM212/Au and HIPped PM212 were further

studied over a wide range of sliding velocities (0.27m/s to 10.0m/s) using pin-on-disk methods at

temperatures from 25°C to 900°C. Repeatability trends were determined by performing several pin-

on-disk tests under similar conditions.

Since the PM212/Au composite has intended uses in turbines which may employ low

speed bushings, very low velocity (0.027m/s) pin-on-disk tests were used to simulate these

conditions. Tests were conducted at temperatures ranging from 25°C to 760°C at the 0.027m/s

velocity.

Analytical methods such as scanning electron microscopy (SEM), energy dispersive x-ray



spectroscopy(EDS),andopticalmicroscopywereemployedfor analysisof wearsurfaces.In

addition,thecompositemicrostructureswerecomparedusingopticalmicroscopy,SEM,EDS,and

densitymeasurement.



CHAPTER2

MATERIALS AND PROCESSING

MaterialsandProcessingSelection

Thepurposeof this investigationwasto studytheeffectsof compositionandprocessing

changesontheperformanceof self-lubricatingpowdermetallurgycomposites.Thedifferent

processingroutesusedwerecoldcompactionfollowedby sinteringandcold compactionfollowed

by hot isostaticpressing.Figure2.1containsaschematicof theprocessingroutesused,whichare

furtherdetailedin thischapter.

Tendifferentcompositionswereformulatedfor this investigation.Table2.1summarizes

thereasonsfor choosingeachof thecompositionsfor thisstudy. ThePM212composition

(70wt%430NS,15%Ag, 15%BaF2/CaF2eutectic)is thebaselinecompositionwhich has

previouslybeenstudiedin bothplasmasprayedandpowdermetallurgyformsasdescribedin

Chapter1. The430NSfunctionsasthewearresistantbasematerialandwastestedaloneto

determinetheeffectof noaddedlubricants.The430NS+Agand430NS+Eutwerechosento

examinethesinglelubricantcondition.PM212/AuwasthesamecompositionasPM212with the

silverreplacedby thevolumetricequivalentof gold. PM212/BaF2andPM212/CaF2were

formulatedto studytheeffectof thesinglefluoridesin placeof the eutectic fluoride. PM226 had

additional silver added to determine the effect of added lubricant. Finally, PM221 and PM225 had

Cr3C2 with no binder metal incorporated, substituted in place of some of the metal bonded Cr3C2.

This was to determine if the harder non-metal bonded chromium carbide would improve the wear

resistance of the composite.
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PowdersandPreparation

Thepowdersusedto maketheself-lubricatingcompositesarecommerciallyavailablefrom

severalsources.Thepowdersusedfor this investigationwereobtainedfrom thefollowing

sources:430NSfrom Metco,silverfrom Degussa,goldfrom LeachandGarner,bariumfluoride

andcalciumfluoridefrom FisherScientific,andchromiumcarbidefrom SulzerPlasma.

TheBaF2/CaF 2 eutectic is a 62/38wt% blend. The eutectic was formed by prefusing the

mixed fluorides in a nitrogen atmosphere at 1100°C. Then, the eutectic was crushed, and ball

milled to produce a fine powder size for use in the composites. This process is fully described in

Reference 17.

The 430NS is a nickel-cobalt bonded chromium carbide powder. Table 2.2 lists the

composition of 430NS based on manufacturer's literature. Table 2.3 contains the sieve ranges and

purity levels for the powders used.

The powders were weighed and combined in the proportions listed in Table 2.4 for each

composition. Each combined batch of powder was loaded into a

V-type mixer and blended for 30 minutes to produce a uniform distribution of the different

powders. After blending, the batches were then ready for processing into the desired shapes using

the powder metallurgy techniques to be described.

Cold Compaction

Cylindrical slugs (13mm diameter by 32ram long) were formed by a die press followed by

cold isostatic pressing. The blended powder was poured into a steel die lined with graphite sheet

foil. An axial load of 35.6kN was applied which generated a pressure of approximately 281MPa

(41ksi) on the powder in the die. The die pressed cylindrical slugs were then placed in rubber

bags. The bags were placed in a chamber which was pressurized to 414MPa (60ksi) for 5

minutes. The specimens were removed from the pressure chamber and then the slugs were

removed from the rubber bags. This rubber bag-pressure chamber method is the cold isostatic
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pressing(CIPping)technique.This twostagecompactionschemeyieldedslugswith agreen

densitiesrangingfrom 70 to 80%.

PressurelessSintering

TheCIPpedspecimenswereplacedintoatubefurnacewith adry hydrogenatmosphere,

whichwasusedto preventoxidationof thespecimensduringthesinteringprocess.Thefurnace

washeatedat arateof 10°C/minup to 1100°C,andthenheldattemperaturefor 30minutes.The

furnacewasthencooledatarateof 10°C/mindownto roomtemperaturebeforethespecimens

wereremoved.

Hot IsostaticPressing

TheCIPpedspecimenswereplacedintostainlesssteelcanslinedwith graphitesheetfoil.

Theunsealedcanswerevacuumannealedat350°C. After annealing,thecanswerevacuumsealed

usingelectronbeamwelding. Thesealedcanswereplacedinto achamberthatwassimultaneously

pressurizedandheated.Thechamberwasheatedto 1100°Catarateof 6°C/minandpressurized

with argonto 138MPa(20ksi)atarateof 0.75MPa/min. Thechamberwasheldat 1100°Cand

138MPafor 20minutes.Then,thechamberwascooledat arateof 12°C/minanddepressurizedat

arateof 1.5MPa/min.Thespecimenswereremovedfrom thechamberandthentheslugswere

removedfrom thecans.

SuperalloyDisks

Thediskspecimensusedfor thepin-on-disktestingweremadeof thenickel-based

superalloyRen641. Ren641hasexcellenthightemperatureoxidationresistanceandstrengthand

is acommonlyusedaerospacematerial.Table2.5 liststhecompositionof Ren641. Nickel makes

upapproximately55wt%of thealloy,with chromium,cobalt,andmolybdenumassecondary
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constituents.Severaltraceelementsarepresentin thealloy. Ren641 is precipitationhardenedto a

nominalhardnessof Rockwell"C" 35-40at roomtemperature.

MachiningTechniques

Thecylindricalslugsproducedfrom boththeCIP-sinterandCIP-HIProuteswere

fabricatedinto hemisphericallytippedpins. Theslugswerecenterlessgroundto obtaina

cylindricaldiameterof 9.53mm.Thenominalpin lengthwasapproximately30mm. 4.76mm

hemisphericalradiiwereplacedonbothendsof thepinsusingdiamondgrinding. Thediamond

grindingtechniqueis usedto preventthesofterphases(silverandfluorides)from beingselectively

removedfrom thehemisphericalsurface(Reference16). In addition, onlycleanwateris usedasa

coolant. Machiningoils arenotusedsothatcontaminationof thecompositeis minimized.

Specimenswerealsomadeintosmallright circularcylindersandrectangularblocksto

allow for densitydeterminationby weightandmeasure.Additionally,smallcylindricalpins(5mm

in diameterand10mmin length)weremadeof thesinteredcompositesfor compressivestrength

testing.

Thesuperalloydisksweremachinedusingstandardtechniques.Thefabricateddiskshada

diameterof 63.5mmandathicknessof 12.7ram.Aftermachiningto size,thediskswerelappedto

anaveragesurfaceroughnessof 400Acenterlineaverage(CLA).

MetallographicPreparation

Crosssectionsof thepowdermetallurgycompositeswerepreparedby mountingthe

samplesin epoxy. Themountedsampleswerediamondsawedto exposethecrosssectionof the

composite.Thecut surfacewasthendiamondpolishedusinga sequentiallyfinergrit to a final

pastegrit sizeof 0.51.tm.
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CHAPTER3

EXPERIMENTAL AND ANALYTICAL METHODS

SpecimenPreparationfor Pin-on-DiskTesting

Thecompositepinswerevacuumheatedfor 3hoursat200°Cand60 torr (air atmosphere)

to removeanyresiduesfrom theprocessing,handlingandmachiningoperations.Thepinsand

diskswerethencleanedwith ethyl alcohol,wetscrubbedwith0.lktmgrit sizealuminapowder,

rinsedwith distilledwater,anddriedwith compressedair.

Pin-on-DiskRigs

Two differentpin-on-disktribometerswereusedfor thisstudy. Onewhich usesan

inductioncoil for specimenheatingwasusedto performthe2.7m/s,0.27m/s,andsomeof the

0.027mlstests(Figure3.1). Thesurfacetemperatureof thediskspecimenwasmeasuredwith an

infraredpyrometerandacontinuousreadoutof thefriction forcewasmadeonachartrecorder

from a temperaturecompensatedstraingagebridgetransducer.Thesecondtribometer,usedfor

the 10.0m/sandsomeof the0.027m/stestsincorporatedaresistanceheatedfurnace(Figure3.2).

Thisrig is fully describedin Reference25. A computerizeddataacquisitionsystemmonitoredtest

conditionssuchasnormalloadforce,friction force,andfurnacetemperature.Thenormalload

forceandfriction forcewerealsorecordedonachartrecorderfor comparisonto thecomputer

acquireddata.

TribologicalEvaluationof Alternates

Pin-on-disktestswereperformedat aslidingvelocityof 2.7m/sattemperaturesof 25°C,

350°C,760°C,and900°C. Thecompositepinswereslid
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againsttheRent 41superalloydisks. A newsetof specimens(newpin andnewdisk)wasused

for eachtemperature.Thetestloadwas4.9Nandtheatmospherewasairwith relativehumidity

of 35%at 25°C. The4.9Nloadwaschosento facilitatecomparisonwith previouswork

(References19,21)andisconsideredatypicalloadfor slidingbeatingandsealapplications.

Onetestwasperformedfor adurationof 70minutesateachtemperaturefor eachsintered

andHIPpedcomposite.Forthesinteredalternatesat 25°Cand350°C,the70minutetestswere

split intosegmentsof 10-20-40minutes.

FurtherComparisonof HIPpedPM212andPM212/Au

HIPpedPM212andPM212/Aupinswereslid againstRen641superalloydisksat sliding

velocitiesfrom0.27 to 10.0m/s.Thetestloadwas4.9N, theatmospherewasair with relative

humidityof 30 to 70%at25°C,andthetemperaturerangewas25 to 900°C. Table3.1lists thetest

combinations(speed-temperature-time)performedfor thisstudy.

Additionally, twostudieswereperformedto determinerun-ineffectsonwearatthe2.7m/s

slidingvelocity. ForPM212/Au,a seriesof brief testswereperformedat 25°Cand2.7m/s.The

durationswere 1and10minuteswith two testsperformedateachcondition. Newspecimenswere

usedfor eachtest. Pinwearanddiskwearweremeasuredfor comparisonwith longerduration

tests.ForPM212,pin wearwasmeasuredafter 10,30,and70minfor thesamesetof specimens.

Thisprocedurewasperformedat 25,350,and760°C. A newsetof specimenswasusedfor each

temperature.

Low SpeedInvestigationof PM212/Au

ThePM212/Aucompositionwasslid againstRen641at avelocityof 0.027m/s,with

temperaturesrangingfrom 25°Cto 800°C. Thetestdurationsrangedfrom 70minutesto 88hours.

Theeffectsof run-inathigherspeeds(0.95to 2.7m/s)previousto sliding at0.027m/swere
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studied.

WearDeterminationandWearFactors

Bothtribometersgenerate5lmm diameterweartrackson therotatingdiskwhile holding

thepin in afixedposition. After thetestrun,a photomicrographis takenof thepin wearscarto

determinethevolumeremoved.A stylussurfaceprofilometerisusedto measuretheweartrack

profile onthedisk. Typically,four measurementsof theweartrackareaareaveraged.Theareaof

theweartrackismultipliedby thetrackcircumferencetodeterminethewearvolume. Figure3.3

showsa pin wearscarandadiskweartrackprofile scanfor oneof thetestsperformed.

Wearfactorswerecomputedfor boththepin (Kpin), and the disk (Kdisk). Where several

tests were performed, an average wear factor was determined with a standard deviation

representing the test to test scatter. Wear factors are further detailed in Appendix A. Briefly, the

wear factor is equal to the volume removed due to wear during sliding divided by the product of

the normal load and the total sliding distance. Wear factors higher than 10-4mm3/N-m are

considered unacceptably high for most applications and those less than 10-6mm3/N-m are

considered very low.

Friction Data Analysis

The friction coefficient is determined by dividing the measured frictional (tangential) force

by the normal load force on the pin. The average coefficient of friction, It, for each test run is

determined by averaging a sampling of data points recorded throughout the test. A sample

standard deviation about this average, s(_) represents the typical scatter that was present in the test.

When five or more tests were run at similar conditions, an overall average coefficient of friction is

computed, and the standard deviation about the overall average represents the test to test variation.
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WearSurfaceAnalysis

Wearsurfacesof thepin anddiskwereanalyzedusingopticalmicroscopy,SEM,and

EDS. Thediskweartrackswereexaminedfor transferfilms formedfrom sliding againstthe

compositepins. Additionally, thesurfacemorphologyof theweartrackswereexamined.Settings

usedon theSEMwere20kV acceleratingvoltage,6.0xl0-10]kprobecurrent,and39mmworking

distance.Opticalmicroscopywasusedto observegeneralfeaturesof thewearsurfacesat low

magnification.

Microstructural

Metallographicallypolishedsurfacesof thecompositeswereexaminedusingoptical

microscopy,SEM,andenergydispersivex-ray spectroscopy(EDS). TheEDSsystemis an

integratedpartof theSEM. Theanalyseshelpedtocompareandcharacterizethemicrostructures

basedonelementaldistributionandsurfacetopography.

Settingsusedon theSEM were20kVacceleratingvoltage,6.0x10-10]kprobecurrent,and

39mm(15mmfor backscauer)workingdistance.Thebackscatteringmodeof theSEMwasused

to illustratetheelementaldistributiondifferences.Brighterareascorrespondto higheratomic

numberelements.Key elementswereidentifiedusingx-raymappingwith theEDSsystem.The

SEM workwasperformedatseveralmagnifications.Opticalmicrographsof thecompositeswere

obtainedusingverticalilluminationona metallographicmicroscopeatseveralmagnifications.

DensityMeasurement

Thedensitiesof thealternatecompositionsin bothHIPpedandsinteredformswere

determinedbyweightandvolumemeasure.Measureddensitywascomparedto theoreticaldensity

to determinetheporositylevel presentafterprocessing.Densityandporositylevelsof PM212

havepreviouslybeenestablishedusingliquid porosimetryandweightandmeasuretechniques
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(Reference20).

CompressiveStrengthDetermination

Compressiontestswereperformedusingcylindricalspecimensof thesinteredalternates.

Thetestswereconductedat25°C,350°C,760°C,and900°Cin air onaloadtestingrig atastrain

rateof 2.1x10-4sq. Threetestswereperformedateachcondition. Thecompressiontestsof the

sinteredalternateswereperformedin conjunctionwith theworkof Reference20. Reference20

containscompleteexperimentaltechniquesfor thecompressivestrengthmeasurements,andthe

methodologyfor determining0.2%offsetyieldstrength.
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CHAPTER4

RESULTS

TribologicalEvaluationof Alternates

Theaveragefrictioncoefficientsfor thesinteredalternatesandtheHIPpedalternatesare

summarizedinTable4.1. Thestandarddeviationsabouttheaveragesarealsoincluded.These

friction coefficientsanddeviationswereobtainedfromthe70minutetestperformedoneach

composite.Theresultsshowthattheaveragefriction coefficientrangedfrom 0.16to 0.44.

Tables4.2 and4.3summarizethepin wearfactors(Kpin) and disk wear factors (Kaisk),

respectively, for the sintered and HIPped alternates. These wear results correspond to the

frictional results above. Kpin ranged from 3.9xl0-Tmm3/N-m to 1.7xl0-4mm3/N-m. Kdisk ranged

from -2.9x 10-5 mm3/N-m to 6.7x 10-Smm3/N-m (negative wear factor indicates buildup).

Since only one 70 minute test was performed at each temperature for each composite, the

test-to-test variation for a specific composite at a given condition cannot be stated. However, from

the tests performed, overall performance across the temperature range can be compared. Table 4.4

shows how the composites ranked in overall friction coefficient relative to one another. The

PM226 sintered alternate, which contained additional silver compared to the baseline PM212, had

the lowest overall average friction coefficient (0.31) of the sintered alternates. Sintered PM212

had the highest overall average friction coefficient (0.38) of the sintered alternates. The HIPped

430NS+Ag composite had the lowest overall average friction coefficient (0.25) of the HIPped

composites. The HiPped PM212/CaF2 had the highest overall average friction coefficient (0.33)
? :

of the HIPped composites.
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Theserankingswerealsomadefor pinwearanddiskwearandaresummarizedin Table4.5and

Table4.6respectively.

Figure4.1 illustratestherun-inbehaviorof thesinteredalternatesatroomtemperature.

This includesboththecompositepinsandtheRen641disks. Theplotsshowaslight declinein

wearfactorwith slidingdistance.Thisdeclineis slightlymorepronouncedfor thedisk thanfor

thepin.

MicrostructuralandMechanical:Alternates

Figure4.2containsopticalmicrographsof all of thecomposites,bothsinteredand

HIPped,studiedin this investigation.The scaleis thesamefor all of themicrostructuresshown

(aslabeledontheimages).Thedarkfeaturescorrespondto eutecticandporespace(Reference

19). Thebrightestareascorrespondto silver deposits,andthemiddlegray is the430NS(andnon-

metalbondedchromiumcarbidein PM221andPM225).

Thepresenceor absenceof porespacewasdeterminedbymeasuringthedensity.Table

4.7containsthetheoreticalandmeasureddensitiesfor thecompositesby bothsinteringand

HIPping. Thepercentof theoreticaldensityachievedrangedfrom 52.9%(430NS)to 81.8%

(PM226)for thesinteredalternates.EverycompositionexceptPM212/Au,thegoldcontaining

composition,HIPpedto full density.Theresidualporosityin PM212/Aufrom HiPpingwill be

furtherdiscussedin thesectioncomparingHIPpedPM212andHiPpedPM212/Au. The

microstructureof HIPpedPM212/CaF2appeareddifferentlythanthatof HIPpedPM212/BaF2

(Figure4.2)perhapsdueto thehighermeltingpointof CaF2(meltingpoints:BaF2,1280°C;CaF2,

1360°C).

Table4.8summarizes0.2%offsetcompressiveyield strengthresultsobtainedfor the

sinteredalternatesat thefour temperaturesinvestigated.In general,thestrengthdecreaseswith

increasingtemperature.Figure4.3 is a plotof the0.2%offsetcompressiveyield strengthversus

percentresidualporosityaftersintering.Theplotcontainsstrengthdataat25°, 350°C,and760°C.
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Thestrengthdecreasesasresidualporositylevel increases.Thestrengthdataat900°Cwereall

very low and do not clearly correlate with residual porosity level.

HIPped PM212 and PM212/Au Comparison: Tribological

Table 4.9 summarizes the friction coefficients and the pin and disk wear factors for the

HIPped PM212 and PM212/Au composites at the speed-temperature combinations studied. For

the 2.7m/s speed, five to six tests at each speed-temperature combination were performed. Thus,

the friction coefficients and wear factors represent the overall averages.

Figure 4.4 contains plots of friction coefficient versus temperature for the three test speeds.

Error bars (one standard deviation in each direction) for PM212 at the 2.7rn/s speed are based on

the test to test variation, whereas all others are based on the variation within a single test. The

dashed lines are present to suggest a trend and aid in visualizing the relationship between the data

points. Tests were not performed at intermediate temperatures. The friction coefficient was

typically between 0.25 and 0.4 (Figure 4.4). PM212 at 0.27m/s and 25°C was the exception with

a friction coefficient of 0.5. In several cases, the friction coefficients of the two composites were

within data scatter of each other.

Plots of Kpin versus temperature for the three test speeds are found in Figure 4.5. The

wear factor is plotted on a log scale. The pin wear behavior for the two composites were similar to

each other except at the 10.0 and 2.7m/s tests where at higher temperature, the pin wear for

PM212/Au was notably higher than that of PM212. The pin wear was typically in the low 10-

5mm3/N-m range, with a few cases in the low 10-rmm3/N-m range. Kpi n for PM212/Au at

elevated temperature-higher speed conditions was high 10-SmmVN-m. A notable reduction in Kpi n

occurred at 760°C, 0.27m/s speed to low 10-6mm3/N-m (Figure 4.5).

Several cases produced a "positive" disk wear. That is, a transfer from the pin to the disk

caused a buildup on the disk. Table 4.9 indicates at which cases this occurred by the negative

sign. Kdisk was low 10-SmmVN-m or less except for the 0.27m/s tests where the disk wear
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exceededlxl0-4mm3/N-min afewcases.

Theresultsof therun-instudyfor PM212areplottedin Figure4.6. At 25°Cand350°C,

thepin wearfactorswerenearlyconstantat 1to 2xl0-Smm3/N-m.Kpin decreased at 760°C from

lxl0-6mm3/N-m at 20min to 5xl0-Tmm3/N-m at 70min. This indicated that the run-in process

was essentially completed within the first ten minutes. Figure 4.6 shows that higher wear (both

pin and disk) occurred in the initial sliding for PM212/Au. The one minute test revealed a wear

factor of approximately lxl0-4mm3/N-m for both the pin and disk. The ten minute test revealed

wear factors in the low 10-Smm3/N-m range. The pin and disk wear factors further decrease as the

70min data points illustrate. A run-in mode with higher wear was observable with the one minute

test. This run in was also observable in the friction behavior. Friction was typically higher during

the initial two minutes of sliding then decreased to the steady state value.

HIPped PM212 and PM212/Au Comparison: Microstructural

The theoretical densities of PM212 and PM212/Au are 6.61 and 7.48g/cm3 respectively.

PM212 achieves near full density, with a remaining porosity of 0.2%. PM212/Au achieved a

density of 6.34g/cm3, with a remaining porosity of 15.2%.

Figure 4.7 contains micrographs obtained with the SEM. The backscatter images present

an elemental view of the composites. To identify the major components, x-ray mappings of nickel,

chromium, barium/calcium, silver for PM212, and gold for PM212/Au were obtained. The

mappings show a similar distribution of the major components for the two composites.

Figure 4.8 contains low magnification optical and high magnification SEM (secondary

electron image, SEI) micrographs of the two composites. The main observation regarding the

optical micrographs is that PM212/Au contains a greater percent of dark area (pore space and

eutectic). Distinct pores in the PM212/Au microstructure are clear in the SEM image. The distinct
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poresin PM212/Auwerediscemabledueto thedepthof field possiblewith theSEM. Sincethe

twocompositeshadthesamevolumetricpercentageof eutectic,PM212/Aupossessesmorepore

spacethanPM212. An examinationof PM212at highermagnificationrevealedonly minutepores

in comparisonto thoseobservedathighermagnificationin PM212/Au. At highermagnificationon

theopticalmicroscope,thegoldappearedasaninterconnected,fineweb-likestructurewhereasthe

silverappearsin distinctpockets.A subtleshadedifferencebetweenthegoldandthecarbide

matrixmadereproductionof themicrographfor illustrationimpractical.

Thegoldpowderparticlecrosssectionswereexaminedfor structureandmorphology.

Theywerefoundto besolid asseenfrom thecrosssectionmicrographin Figure4.9. Figure4.9

alsoincludessamplesof thestartingsilverandgoldpowders.It is notedthatthepredominantsize

of thesilverwasnearthehighendof thesieverange(--1501am)whereasthepredominantsizeof

thegold wasnearthe low end(=501am).

Low SpeedHIPpedPM212/Au

ThePM212/Aucompositewastestedat averylow speed(0.027m/s)to bettersimulatea

low speedbushing.Initially, a70minutetestwasperformedat 25°C,350°C,and760°C,usinga

newsetof specimensfor eachtemperature.Theresultingfriction coefficientswerehighcompared

to testsperformedat theotherspeeds.Notably,thetestat25°Cyieldeda frictioncoefficientof

0.7. Thefrictioncoefficientwaslowerat 350°C(0.39). However,at760°C,thefriction

coefficientwashigheragain(0.48). Sincethefrictioncoefficientsat25°Cand760°Cwere

unusuallyhigh,retestswereperformed.In theretests,arun-inperiod(70minutes)atahigher

slidingvelocity (0.95m/s)wasemployed.After thehighervelocityrun-in,thespecimenswere

thenrunat the0.027m/svelocity for 70minutes.During the0.027m/sportion, friction

coefficientsof 0.25and0.27resultedatthe25°Cand760°Ctests,respectively.Theresulting

frictioncoefficientsweremuchlower thantheonespreviouslyencountered.

ThediskweartrackswereanalyzedusingtheSEM/EDSsystemto determinereasonsfor
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thefrictional behaviorduringthesetests.Figure4.10containsmicrographsobtainedon theSEM

of theweartracksfrom the25°C(norun-in),25°C(run-in)and350°Ctests.Theweartrackfrom

the25°Ctestwherenorun-inperiodwasemployedcontainslittle evidenceof transferfilms formed

from slidingagainstthePM212/Aupin. However,regionsof transferfilms areevidentin thewear

trackfrom the25°Ctestwhichemployedthehighervelocityrun-in. Themicrographfrom the

350°Ctestshowspatchesof transferalso. EDSspectrafrom theweartracksof thesethreetests

areplottedin Figure4.11. Thespectrumfor eachtestis theaverageof spectraobtainedfrom 3

locations,120° apartin theweartrack.Thespectraareessentiallyidentical,showingvery little

deviation.This illustratesthatthefrictionalbehaviorwasnotcausedbychemicaland/or

compositionaldifferencesof thevariousweartracks.

Figure4.12containsopticalmicrographsof thepin scarsandSEM micrographsof thedisk

weartracksfrom the760°Ctests.Theinitial testwhichemployedno run-inshowsawhite

substanceon thepin scar. Theweartrackcorrespondingto this testshowsafilm whichappearsto

havemeltedandre-solidified.Thisheavyfilm on thepinandthediskis composedprimarily of the

BaF2/CaF2eutectic.Thetestwhichemployedahighervelocityrun-inperioddoesnotshowthis

heavyfluoridebuildupon thepin ordiskwearsurfaces.Theweartrackdoesshowpatchesof

transferfrom thePM212/Aupin. TheEDSspectra(obtainedsimilarly asdescribedabove)for

thesetwo testsarecomparedinFigure4.13. Thetwo spectraareclearlydifferent. Thespectra

correspondingto testwith no run-inshowsthepresenceof thefluoridebuildup,asseenby the

strongBa andCapeaks.Additionally, thenickelpeakwassharplyreducedin thiscase.The

spectrumfrom thetestwhichemployedtherunin appearedverysimilar to thespectrafrom the

25°Cand350°Ctests(Figure4.11).

Severalothertestswereperformedto furtherunderstandthebehaviorof PM212/Auatthe

slidingvelocity of 0.027m/s.Thefriction andwearresultsfrom thesetests,aswell asthetests

detailedabovearesummarizedinTable4.10. Themostnotableresultis thatafrictioncoefficient

of 0.1wasobtainedat 25°Caftera long durationof sliding. Thiswasproduciblebothwith
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elevatedvelocityrun-inandno run-in. It appearedthatapproximately1-2kmof slidingat

0.027m/swasrequiredto producethiseffect. A film of goldcompletelycoveringthewearscar

wasvisibleon thepin afterthetestswherethe0.1frictioncoefficientoccurred.
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CHAPTER5

DISCUSSION

AlternatesEvaluation

Therewasconsiderableoverlapin theoverall rankings for friction coefficient, Kpin, and

Kdisk (Tables 4.4, 4.5, 4.6). Clearly, many tests would be required to clearly define the exact

performance characteristics of a single composite. Figure 5.1 contains a stacked histogram of the

friction data from Table 4.1 for all of the alternates. This plot shows that a variety of changes may

be made to the baseline PM212 composite without drastically affecting frictional performance.

This is realized since the histogram shows an approximate average friction coefficient of 0.3 with a

range of 0.15 to 0.45. The wear results have more overlap then the friction coefficient. Without

more repeat testing, it can only be said that Kpi n for all composites at all temperatures tested

primarily ranged from 10 -6 tO 10-Smm3/N-m. This is the same for disk wear, except that its range

was from -10-5 to 10-Smm3/N-m (negative sign on a wear factor indicates buildup).

The objective of this investigation was to screen a large number of composites to obtain

general trends due to compositional and processing changes. Therefore, repeat testing was not

used to accurately quantify the performance of each individual composite. The rankings stated in

the results pertain to the set of tests run, however they do not necessarily apply in general.

Nonetheless, for screening purposes, useful information can be extracted from the results

regarding composition choice. The PM212/BaF2 composite had nearly equal performance to the

baseline PM212 composite. The use of a single fluoride eliminates the time consuming process of

making the eutectic fluoride. The 430NS+Ag was one of the best performing composites overall,

in both friction and wear, and from low to high
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temperature.Theuseof thiscompositewouldeliminatetheneedfor oneof theconstituents

(fluoride)all together.

Previoustestswith plasmasprayedcoatingshaveshowna dependencyonboth thesilver

andfluoridelubricantsfor lubricationovertheentiretemperaturerange(Reference3). In those

tests,asuperalloypin wasslid againstadiskcoatedwith thecomposite.Theconfigurationwas

oppositefor thetestsin this investigation;compositepin onsuperalloydisk. In thetestsconducted

for this investigation,oxideformationon thedisksurfacemayhaveplayedakeyrole in providing

lubricationathightemperaturewithouttheneedof thefluoridehightemperaturelubricant.The

oxidesformedonnickel-basedsuperalloyshavebeenshownto haveabeneficial,lubriciouseffect

(Reference26). In thetestsperformedin Reference3, oxideformationwouldhavebeeninhibited

sincethewearsurfaceon thesuperalloypin wasin directcontactwith thecoateddisk. Oxide

formationon thesuperalloydiskweartrackwouldnothavebeenasinhibited,sincetheweartrack

wasexposedto air exceptfor thebriefmomentasit passedunderthepin with eachrevolution.

In Table4.7,someof theachieveddensitieswereasmuchas3.5%higherthantheoretical.

Thepropagatederrorassociatedwithmeasuringthedensitybasedonobtainingdimensionsand

masswaslessthan1%. It is likely thattheadditionalerrormayhavecomefrom non-uniform

powderdistributionin thesectionusedfor densitymeasurement.Smalldeviationsfrom thestated

compositionof thepowdersusedmayalsohavecontributederror. Thus,whenameasured

densityis within +3% of the theoretical, it can be considered as essentially fully dense.

The strength-porosity relationship in Figure 4.3 illustrated the importance of achieving low

porosity levels to provide a composite of high strength. However friction and wear properties do

not show this same strong dependence on porosity level. The exception may be at very high

temperature, for the porosity level in HIPped PM212/Au may have contributed to the higher wear

encountered at 900°C. Friction coefficients are slightly lower with the HIPped composites (Table

4.4). Wear factors are still in the same order of magnitude (Tables 4.5, 4.6). Hence, if the extra

strength associated with full density parts is not required for a certain application, full density
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processingshouldnotbeused.This is becausetheHIPpingprocessusedto obtainfull density

partsis muchmorelaborandtimeintensivethenthesinteringprocess.

HIPpedPM212andPM212/AuComparison

Thepin-on-disktestresultsindicatethatthefriction andwearcharacteristicsof thetwo

compositesweresimilar. In addition,bothcompositesprovidedlow friction andwearoverthe

rangeof speedsandtemperaturesstudied.It is alsonotedthatthebehaviorof thecompositesin

slidingagainstRen641wasexceptionallysteadyafterabrief run-inperiodlastinglessthanfour

minutes(=lkm).

Severaltestswererunwith PM212atthe2.7m/sspeed.It wasobservedthatthetestto test

variationof thefrictioncoefficientwastypicallytwiceaslargeasthevariationwithin asingletest.

In severalcases,theperformanceof thetwo compositeswerewithin datascatter.In general,the

steadystateperformanceof thetwocompositesexhibitedafrictioncoefficientof 0.3andawear

factorin thelow 10-Smm3/N-mrange.

Highfriction andwearweretypicallyencounteredduringabrief run-inperiodatthe

beginningof thetest. Thisrun in periodtypically lastedlessthantwo minutes.Nearsteadystate

conditionswereachievedin 10minutesasshownby therun-instudyfor PM212/Au. Thehigh

frictionandwearduringrunin is attributableto thehighcontactstressesassociatedwith a

hemisphereonflat, andthetimerequiredto developalubricatingsurfacefilm at thecontact.

Previouswork with PS200coatingshavealsoexhibitedarun-ineffect (Reference15).

Typically thecompositewearlowersastemperaturerisesfrom 25to 760°C. Thereduction

maybefrom lubriciousoxidesformedonthesuperalloy(Reference26). As temperaturenears

900°C,theweartypicallyincreases.Theincreasein wearat900°Cmaycomefrom theweakening

of thecompositewith increasedtemperature(Reference20). At highertemperatureandhigher

speedPM212/AushowedhigherwearthanPM212. Thismaybedueto thefact thatfull density

wasnotachievedwithPM212/Au,leadingto notablyloweredstrengthathighertemperatures
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(Reference20).

Thetribologicalresultsfor HIPpedPM212andPM212/Auwereverycloseto results

previouslyachievedwith sinteredPM212 (Reference19). In general,sinteredPM212hadfriction

coefficientsof 0.3 to 0.4andwearfactorsin the 10-5to 10-6mm3/N-mrange.TheHIPped

compositesdid encounterlower friction in somecases.Notably,neitherHIPpedPM212nor

HIPpedPM212/Auexperiencedanincreasein frictioncoefficientafter8kmof slidingat350°Cthat

theauthorsof Reference19observedfor sinteredPM212.

Thewearscarin Figure3.3wasrepresentativeof typical pin surfacesaftertesting.There

wasvery little differencebetweenthewearsurfacesfor PM212andPM212/Aupins. Thiswas

alsotruefor thediskwearsurfaces.Thiswasnotsurprisingdueto themicrostructuralsimilarity

of PM212andPM212/Au.Theuseof EDSanalyseson theSEMwereselectivelyusedin this

investigation.Sincethecompositionsof Rent41,PM212andPM212/Aucontainmanyof the

sameelements,thespectracouldnoteasilydistinguishpin materialfromdiskmaterialandthusan

accuratetransferfilm analysiswasnotpossible.However,thepresenceof silver wasdetectedin

weartracksfrom PM212andgold in thosefrom PM212/Au. This indicatedthatatransferfilm

wasindeeddevelopedfor bothcomposites.

It wasasurprisingresultthataPM212/Aucompositeof nearfull densitywasnotachieved

by HIPpingsinceit hadconsistentlybeenachievedwith PM212. It shouldbe recalledthatthetwo

compositescontainthesamevolumepercentagesof thethreemajorcomponents.Theonly

differenceis PM212containssilverandPM212/Aucontainsgoldasthelow temperaturelubricant.

Theexaminationof themicrostructuresprovidedfew,if any,answersto why full density

wasachievedwithPM212andnotwith PM212/Au. Initially, thereasonwasbelievedto be related

to thehighermeltingpointof gold. Theprocessingtemperature(1100°C)is aboveboththemelting

pointof gold(1063°C)andsilver (961°C). Thus,asplanned,liquid phaseprocessingof the

lubricantsshouldoccur. Yet thefineweb-likestructureof thegoldobservedat highoptical

magnificationsuggestedthatthegoldmaynothavecompletelyliquified. Thiswouldhavebeen
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attributedto anerrorin theHIPpingunit's temperaturewhichwasnot thecase.Yet,whenthe

compositeswereexaminedontheSEM,thedistributionof thegoldandsilver,aswell asall other

componentsappearedalmostidentical(Figure4.7).

Finally, thestructuresof thegoldandsilverpowderswereexamined.Sincethegold

particleswerefoundto besolid,noairwouldhavebeencarriedinto thecompactinsidethegold

powder. A remainingpossibilityliesin theparticlemorphologydifference.Figure4.9showsthat

thegoldparticlesaresphericalandthesilver particlesaregranular.All otherpowdersusedin the

compositeshaveagranularmorphology.It ispossiblethatthesphericalgoldparticlessomehow

permittedtheformationof sealedair pocketsin thecompactduringtheCIPpingoperationwhich

werenotoutgassedduringthevacuumannealingandcanningprocesses.Thus,air spacecould

havebeencardedinto theHIPpingprocesswhichwouldhavebeentrappedin thesealedcan,

yielding partswith porosityin themicrostructure.Usinggoldpowderwith a granularmorphology

insteadof sphericalwoulddetermineif thisspeculationis valid. Additionally,processingthe

PM212/Auata highertemperatureand/orpressuremightdetermineif theporositywasdueto

insufficientHIPpingtemperatureand/orpressure.

Low SpeedHiPpedPM212/Au

Thebehaviorof thecompositesathigherspeedsin generalshowedasteadystatebehavior

afteraslightinitial run-inperiod. However,atlow speedwith thePM212/Au,thereappearsto be

acomplicatedtribologicalbehavior.At thesameconditions,thefriction wasashighas0.7_+0.1

andaslow as0.1_+0.03.Therun-inperiodis longerin time,butnearlyequivalentin sliding

distanceto thehigherspeedtests.However,theuseof ahigherspeedrun-in to establishaflat on

thepin acceleratedtherequiredrun-into overcometheinitial highfriction. Thelow speedtests

showedastrongdependenceon theformationof transferfilms; bothon thepin andon thedisk.

Most notably,whenthegoldfilm formedon thepin, thefriction at25°Cwasaslow as0.07.

Theformationof acoherentfilm asfoundonthepin hasnotbeenobservedathigherspeed
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tests.It is likely thatatthehigherspeed,therateof wearand/orheatgenerationis toorapidfor an

observablefilm to develop.Thesignificantfluoridefilm formedat the760°Ctestshownin Figure

4.12appearedto haveanegativeeffecton friction. Theformationof toothickof afilm may

induceaplowingeffectasthepin moveson thedisksurface,causinganincreaseddrag,andthus,

higherfriction. Thishasbeenobservedwith thick silverfilms previously(Reference12).

AppendixC containsamodelof thefrictiondueto thinsolid film separationof two

surfacesbasedon theshearstrengthof thefilm assuggestedby theauthorsof Reference27. The

modelwasstudiedtocomparethelow friction achievedin thecaseswherethegoldfilm was

formedon thepin wearsurface.Theminimumfriction predictedby themodelwas0.02. This

waslower thantheactualminimumachieved,which was0.07,butwithin thesameorderof

magnitude.Thehighermeasuredvaluemaybedueto anincreasedfilm shearstrengthdueto the

presenceof otherconstituentsin thefilm, surfaceroughness,anduncertaintiesof therealareaof

contact.Nonetheless,therelativelygoodagreementof thepredictedandthemeasuredfriction

coefficientindicatesthatsurfacefilm shearisprobablyplayingadominantrolein friction.
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CHAPTER6

CONCLUSIONS

1. Severalchromiumcarbide-basedself-lubricatingcompositesproducedbysinteringand

HIPpinghaveshownlow friction andwearin slidingagainstanickel-basedsuperalloy.These

compositescanbeusedasslidingbearingandsealmaterialsin operationfrom 25°Cto

temperaturesashighas900°C.

2. Thegoodperformanceby severaldifferentcompositesshowedthatthecompositionof PM212

canbealteredwithoutdramaticallyaffectingperformance.Thismayindicatethatstringentquality

controlon thecompositionitselfmaynotberequired.

3. Compositeswith lesscomplexcompositionsthanthebaselinePM212showedequivalentor

betterperformance.Utilization of thesecompositionswould reducethelaborand/orrawmaterials

required.

4. Goldhasbeenshownto beasuitablesubstitutefor thesilverin PM212. In severalcases,the

friction andwearof HIPpedPM212andPM212/Auwerewithin scatterof eachother. Sulfide

formationthatis possiblewith silveris notpossiblewith gold. Thus,PM212/Auisrecommended

for criticalapplicationsrequiringchemicalstability.

5. HIPpingproducedfull densitypartsof all compositesexceptthegoldcontainingPM212/Au.

Theresidualporosityin PM212/Aumaybecausedby gasentrapmentduringCIPpingby the

sphericalgoldparticles.

6. For thesinteredcomposites,yield strengthdecreasedasporositylevel increased.

7. Compositewearat 25°C,350°C,and760°Cdid not showa dependenceonporositylevel. The

exceptionwasHiPpedPM212/Auwhichhadhigherwearat900°Cthanfull densityHIPped

PM212.
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8. Frictioncoefficientsaslow as0.1_+0.03wereobtainedat 25°C,0.027m/swith thePM212/Au

composite,whichwasprobablydueto goldformationon thepin wearsurface.This low

measuredfrictionshowedgoodagreementwith a theoreticalmodelbasedon theshearstrengthof a

goldfilm, indicatingthatfilm shearplayedastrongrolein thiscase.
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APPENDIXA

PIN-ON-DISK ANALYSIS

TribometerSlidingDistance

Thepin-on-disktribometerproducesacircularweartrackonthedisksurfaceby the

rotationof thediskandthestationarypositioningof thepin atsomeradialdistancefrom thecenter

of thedisk. Thetotalslidingdistanceduringatestis obtainedby thefollowing formula:

DTotal = Ctrack _ t

where:

DTotal = Total Sliding Distance (m)

Ctrack = wear track circumference (m/rev)

f_ = rotational speed (rev/min)

t = time (min)

Disk Wear Volume

The disk wear track is measured with a stylus profilometer, which automatically computes

the area of the wear track profile. The profile area (Arrack) is multiplied by the wear track

circumference at the center of the wear track width (Ctrack) tO obtain the volume of revolution

which represents the disk wear volume (Vdisk wear). See Figure 3.3 for a representative wear track

profile. Thus, the following equation is used to determine the disk wear volume:

Vdisk wear = AtrackCtrack.

Pin Wear Volume

The hemispherically tipped rider pin wear scar diameter is determined by measuring a

photomicrograph of the wear scar (Figure 3.3). The wear scar diameter is then used to compute

the pin wear volume through the following solid geometry equations:
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V = rd6 h (3a2 + h2) [1]

h = R - (R 2 - a2) 1/2 [2]

Substituting for h is [1] so that "a" is the only variable:

V = rd6 JR- (R2 - a2)1/2] {3a2 + [R-(R2 - a2)1/212} [3]

Where:

V = volume of spherical tip segment worn

a = radius of the base of the spherical segment (wear scar radius)

h = height of spherical segment (axial pin motion due to pin wear)

R = hemispherical radius (pin tip radius)

Note that the wear volume increases with the cube of the wear scar diameter. Therefore, it is

necessary to compute wear volume rather than wear scar diameter to determine accurate wear ratios

for different tests.

Wear Factor Explanation

The wear factor (K) used in this paper is a parameter which

relates the volume of material worn from a surface to the distance

slid and the normal load applied at the contact. Mathematically,

K is defined as:

K = V/_D)

where:

V = volume of material worn (mm3)

F = normal force at the sliding contact (N)

D = total sliding distance (m)

The interpretation of the numeric value for the wear factor K in the case of solid lubrication is as

follows:

K > 10-4 mm3/N-m High Wear
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10-5 >K > 10 -6 mmVN-m

K < 10 -7 mm3/N-m

Moderate to Low Wear

Very Low Wear
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APPENDIXB

UNCERTAINTY ANALYSIS

Precision(External)Uncertainty

An externaluncertaintyanalysiswasnotspecificallyperformedfor thissetof testsonthe

PM200alternates.However,previousanalysisof thepin-on-diskrig hasshownthefollowing

uncertainties(Reference17):

laexternal= + 6 %

Kpi n external = + 12.7 %

Kdisk external = + 11.9 %

Several steps were taken to minimize the experimental uncertainty. A stroboscopic tachometer was

used to set the disk rotational speed, thus ensuring an accurate sliding distance measurement was

achieved. The magnifications used for wear scar measurement were verified with a calibration

standard. Also, the relative humidity was controlled to the chamber and was monitored by as in-

line probe.

Random (Intemal) Uncertainty

The random uncertainty of the results were based on statistical variation within a single test

and variation from test to test. Typically, a "sample" standard deviation was used to compute the

variation. This was chosen instead of a "population" standard deviation since the tests represent a

small part of the population of possible tests which could be performed. The test to test variation

was typically twice as large as the variation within a single test.
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APPENDIXC

THEORETICAL MODEL FOR SOLID-FILM LUBRICATION

A theoreticalmodelof thin film lubricationwasformulatedbasedon thatsuggestedby the

authorsof Reference27. Thespecificmodelformulatedwasfor athin film of goldseparatingthe

HIPpedPM212/Aupin andtheRen641disk. A flat generatedby wearwasassumedto existon

thetip of thepin. Therealareaof contactwasdeterminedasA=W/PswhereW istheloadandPs

is theflow pressure,approximatelyequalto theindentationhardnessof thesubstrate.The

frictional forcewasdeterminedasF=ASfwhereSfis theforcerequiredto shearthe inter-atomic

bondingof thefilm whichis betweentheopposingsurfaces.Themaximumvalueof Sf is the

shearstrengthof thefilm itself. Hence,thetheoreticalfrictioncoefficientis determinedas

PTH=Sf/Ps.Thehardnessesof PM212/AuandRen641weredeterminedfor useastheflow

pressureterm. Thehardnesseswereapproximatelyequal,with avalueof 400kg/mm2.

Transformingthehardnessintounitsof pressure,Ps=3920MPa.The shearstrengthof thegold

film wasdeterminedfrom dataof shearstrengthversuscontactpressurein Reference28. A pin

scardiameterof 2mmwasusedtoestimatethecontactpressurepresentbetweenthepin andthe

disk. The2mmscardiametertranslatesto acontactpressureof approximately1.56MPa.The

shearstrengthcorrespondingto thiscontactpressurefrom thelinearregressionis 62.1MPa.

UsingthePTH=Sf/Pswith Sf=62.1MPaandPs=3920MPa,thetheoreticalfriction coefficientis

equalto 0.02.
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APPENDIXD

COST COMPARISON OF PM212 AND PM212/Au

CostAnalysis

A costcomparisonwasmadefor thePM212andPM212/Aucomposites.Thecomparison

wasbasedsolelyonmaterialcosts,anddoesnot includeprocessingcosts.Thecomparisonwas

basedon typical costsof thepowdersin June1991.Thepergramcost,perpoundcost,thecost

of a smallbushing(2.2cmOD, 1.3cmID, 1.3cmthick), andthecostof claddingtheID of the

samesizebushingwith a 1mmlining werecompared.Thecompositionof thetwomaterialsis as

follows:

430NS Ag Au Eutectic

PM212 70wt% , 15% --- 15%

PM212/Au 62% --- 25% 13 %

The eutectic is a 62 wt% BaF2-38 wt% CaF2 combination. 430NS is a NiCo bonded Cr3C2.

The estimates presented here are based solely on material costs. Processing costs are not

included. The first overview of the material costs is based on a per-pound/per-gram cost of the

materials. The amounts of the components in the materials total to 1 Ib for this estimate, and are

stated in grams (llb=453.6gm).
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PM212

Wt%

430NS 70.0

Ag 15.0

BaF2 9.3

CaF2 5.7

Amt [gm] Cost/gm Matl. Cost % Cost

317.5 $0.14 $44.14 70.6

68.0 $0.21 $13.95 22.3

42.2 $0.08 $3.21 5.1

25.9 $0.05 $1.24 2.0

Total $62.53/1b

$0.14/gin

PM212/Au

Wt% Amt [gm] Cost/gm Matl. Cost %Cost

430NS 62.0 281.2 $0.14 $39.09 2.6

Au 25.0 113.4 $13.06 $1,481.00 97.2

BaF2 8.1 36.6 $0.08 $2.78 0.2

CaF2 4.9 22.4 $0.05 $1.08 0.1

Total $1,523.9/1b

$3.36/gm

Baseduponthecomparisonchart,PM212/Aucostsapproximately25 timesasmuchasthe

PM212composition.To helpput this intobetterperspective,thematerialcostof thesmall

bushingsarenowestimated.Thedimensionsyield avolumeof approximately3.2cm3.Based

uponachievingthefull theoreticaldensitiesof thecompositions,thefollowingsummarizesthe

associatedcosts:

Dens.[g/cm3] Matl. Reqd.[g] Cost

PM212 6.6 21.1 $2.95

PM212/Au 7.5 24.0 $80.6
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ThisestimateillustratesthatthePM212/Aucompositionis substantiallymorecostlythan

thePM212composition.Thus,thenecessityto eliminatethesilverby replacementwith goldmust

truly bemeritedto dictatethe associated increase in cost. It should also be noted though that the

costs associated with the processing of ceramics can far outweigh the material costs. However, if

a 1ram lining were clad on the ID instead of making a solid busing, the volume required would be

0.6cm3. This would translate to a cost of $0.55 for PM212 and $15.12 for PM212/Au. This

would be more cost effective than making a solid bushing of PM212/Au.

This analysis can not be drawn to a general conclusion about whether the cost of materials

or cost of processing would be more substantial since so many different methods of processing

exist. The following are the sources for materials used in this estimate. Material costs are from the

date of this estimate. The material sources for the powders used are as follows.

1.) 430NS: Metco Corporation

1101 Prospect Avenue

Westbury, NY 11590

(516)-334-1300

2.) Ag (type DMR-3): Degussa Corporation/Metz Division

3900 South Clinton Avenue

South Plainfield, NJ 07080

(908)-561-1100

3.) Au (mesh -100+325): Leach & Garner Technology

P.O. Box 200

N. Attleboro, MA 02761

(508)-695-7800
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4.) BaF2, CaF2: Alfa Products

P.O. Box 8247

Ward Hill, MA 01835-0747

(800)-343-0660

45



Table 2.1, Rationale for compositional selections.

Composition

430NS

430NS+Ag

430NS+Eut

PM212

PM212/Au

PM212/Ba F2

PM212/Ca F2

PM221

PM225

PM226

Selection Rationale

wear resistant matrix material, no lubricants present,
what effect does this have on friction, does counterface
wear increase due to lack of lubrication

PM212 without eutectic, effect of single lubricant,
does performance decrease with lubricant intended

for high temperature
PM212 without silver, effect of single lubricant
does performance decrease with lubricant intended

for low temperature
baseline dual lubricant system previously studied
used as a comparison for the performance of the
modified compositions
PM212 with silver replaced by volumetric equivalent of gold
minimizes reactivity with certain environmental contaminants,
potentially raises composite operating temperature
single fluoride (barium fluoride) in place of eutectic in PM212

can a single fluoride be used to eliminate need for making

eutectic, does the higher melting point affect performance
single fluoride (calcium fluoride) in place of eutectic in PM212
can a single fluoride be used to eliminate need for making

eutectic adoes the higher melting point affect performance
PM212 with approx 70% of 430NS replaced by Cr3C2,
does the unbonded carbide increase the wear resistance,

or does it weaken the composite and cause higher wear
PM212 with approx 30% of 430NS replaced by Cr3C2,
does the unbonded carbide increase the wear resistance,

or does it weaken the composite and cause higher wear
PM212 with added silver and decreased 430NS

may have better low temperature performance, does increased
amount of lubricant decrease wear resistance
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Table 2.2. Composition of 430NS.

Element
Chromium

Nickel
Cobalt
Carbon

Molybdenum
Aluminum

Boron
Silicon

Weight %
48
28
12
6
2
2
1
1

Table 2.3. Particle size ranges and purities.

Powder

430NS
chromium carbide

Eutectic
barium fluoride
calcium fluoride

silver

9old

Sieve Range
-200 + 400
-200 + 400
-200 + 325
-200 + 325
-200 + 325
-100+325
-100+325

Size Range [l.[m]
37 to 74
37 to 74

44 to 74
44 to 74
44 to 74

44 to 149
44 to 149

Purity
commercial gracle

commercial grade
made from fluorides listed

99.9%
99.9%

99.99%
99.9%
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Table 2.4. Compositions of the alternates by weight and volume percent.

Weight %'s of the Alternate Formulations
Composition .....
430NS

430NS+Ag
430NS+Eut
PM212
PM212/Au
PM212/BaF2
PM212/CaF2
PM221
PM225
PM226

430NS
100.0
82.0
82.0
70.0

62.0
65,3

70.0
18.2
40.0
59.5

Ag

18.0

15.0

13.9

15.0
15.0
15.0
25.8

,,,i

Eutectic
m

B

18.0

15.0
13.0

15.0
15.0
14.7

Cr3C2

m

m

m

51.8
30.0

Au

25.0

BaF2

=N

m

m

20.8

Volume %'s of the Alternate Formulations

Composition
430NS

430NS+Ag
430NS+Eut
PM212
PM212/Au
PM212/Ba F2
PM212/CaF2
PM221

PM225
PM226

430NS

100.0
87.2
72.6
66.2
66.4
62.6
62.0
16.8
37,3
58.3

A9

12.8

9.4
.N

8.9
8.8
9.2
9.3
16.8

Eutectic
m

m

27.4
24.4
24.0

23.9
24.1
24.8

Cr3C2

50.1
29.3

AM

M

w

m

9.7

BaF2

m

28.5

CaF2
u

m

m

m

15.0

CaF2

!

.w

m

29.2
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Table 2.5. Composition of Ren_ 41.

Element
Nickel

Chromium

Molybdenum
Cobalt

Titanium
Aluminum

Iron
Carbon
Silicon

Manganese
Sulphur
Boron

Weight %
Balance

19.00
10.00
10.00
3.00

1.50
1.00

0.10
0.10
0.05
0.01

0.O05

Table 3.1 Tribological test conditions for PM212 and PM212/Au comparison.

Sliding
Velocity

Ira/s]
10

2.7

0.27

Composite

PM212
I!

u

PM212/Au
u

I!

Temperature
[oc]

25

350

Tests
Performed

PM212
I!

J!

I!

PM212/Au
u

l0

wl

PM212
II

tl

I1

PM212/Au
l!

0!

II

760

25
35O
76O

25
35O

760 4@30rain,
900 4 @60min,
25
350
760
9OO
25

35O

760
90O
25

350
760
9OO

1@70rain
II

4@60rain, 2@70min
u

2 @70rain

1@70min
2@70min,2 @1min,2 @10min

2@70min
U

1@70min
u

II

u

II

u

I!

II
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Table 4.1 Friction coefficient screening summary for sintered
and HIPped altemates at 2.7m/s.

_C Sintered
omposition
PM212

PM212/BaF2
PM212/CaF2

PM221
PM225
PM226

25o(_ '_

0.34+0.02 (a)
0.37_+0.04
0.38_+0.03
O.44_+0.O7
0.44_+0.05

0.31_+0.01

Temperature
350°C

0.44_+0.09
0.39-__0.07
0.43+0.05
0.39-+0.05
0.42+0.03

0.37_+0.03

760°C
0.35_+0.03
0.27_+0.03
0.23+O.O2
O.27+0.02
0.24_+0.02

0.26_+0.03

HIPped

.....Composition
430NS

430NS+Ag
430NS+Eut

PM212
PM212/Au

PM212/Ba F2
PM212/Ca F2

PM221
PM225
PM226

Temperature
25°C 350°C 760°C 900°C

0.36_+0.05
0.32+0.05
0.38_+0.02
0.4_.06
0.33+0.03
0.33-+0.02
0.30+0.02
0.36+0.04
0.32+O.05
0.29-+0.02

0.42+0.04
0.28+0.O3
0.30-+0.02
0.26+0.06
0.24+0.01

0.27_+0.01
0,27-+0.02
0.29+0.04
0.25+0.04
0.34-+0.01

O.23_+O.O2
0.16_+0.05
0.28+O .02

0.28+O.02
0.29_+O.O2

0.29_+0.03
0.31 +0.03
0.28_+0._04
0.27_+0.01
0.21 _+0.03

0.23_+0.01
0.22_+0.01
0.29_+0.01
0.25+0.01
0.33+0.01
0.31-+0.02
0.42+0.05
0.26-+0.03
0.23-+0.02
0.25_+0.02

(a) Variation is _+1 standard deviation measured during testing.

One specimen set of each composite was tested at each temperature.
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Table 4.2 Pin wear [mm3/N-m] screening summary for
sintered and HIPped alternates at 2.7m/s

Sintered
Composition

PM212
PM212/BaF2
PM212/CaF2

PM221
PM225
PM226

HIPped
Composition

25 °C

"2.5×10.`
3.3x10.`
5.1x10 -5
1.7_10 -4
9.2_10 -_
2.4x 10-5

Temperature

25 °C

1.8×104
2.o×1o_,
1.3×10 -6
2.3×10.`
1.6×1o-"
2.2_10 --6
3.0x10 -5
4.1 xl0 -6
2.7x10 -6
1.9×10 -6

350°C

1.8×10 -5
2.0_10.`
5.1 _10.`
5.1×10.`
6.8x10.`
2.5_ 10-6

760 °C

6.0x10 .`
3.3×10 -5
1.2x10 -_
1.5x10 --s
2.0x10 --_
1.7x 10-_

Temperature

430NS
430NS+Ag
430NS+Eut

PM212
PM212/Au

PM212/BaF2
PM212/CaF2

PM221
PM225
PM226

_One specimen set of eac
each temperature.

350 °C

1.6×10 -s
1.6_10.`
1.8_ 10-5
2.9_10.`
2.3×10.`
2.6x 10-6
2.6×10.`
3.2x10 -s
2.6× 10-5
2.7× 10-6

composite

760 °C

8.1 xl0 -7
1.8,10 -_
1.5x10 -_
5.7x10 -7
3.6x10 -e
5.7× 10-7
2.5×10.`
1.2x10 --s
7.3_10 -7
2.0_10 -e

_as testec

900 °C

5.1 xl0 -7
3.9× 10 -7
3.0_ 10 -_
1.2×10 -_
6.2x 10-6
1.3×10 -6
2.0_10 -6
1.7× 104
2.0×10.`
2.0× 10-s

at

51



Table 4.3 Disk wear [mm3/N-m] screening summary for sintered
and HIPped alternates at 2.7m/s

Sintered
Composition

PM212
PM212/BaF2
PM212/CaF2

PM221
PM225
PM226

Temperature

25 °C

b6.4×10 -_
6.8×10 -6
5.3×10 -6
6.7× 104
3.7× 10-s
6.8×10 -6

350 °C

3.5x10 -6
4.0×10 4
3.4×10 -6
1.3x 10-5
! .1 _10-s
1.0_10 -s

760 °C

"--2.9×10 -_
-2.2×10 -6
4.7×10 -6
4.3×10 _6
9.8×10 -7
8.3×10 -6

HIPped Temperature
Composition

25 °C 350 °C 760 °C 900 °C

430NS

430NS+Ag
430NS+Eut

PM212
PM212lAu

PM212/BaF2
PM212/CaF2

PM221
PM225
PM226

4.1 ×104
1.8×104
1.9×10 -s
4.7×10 -_
5.7×104
1.7×104
9.7× 104
6.5×10 -5
1.2×104
9.7×10 -6

6.7× 104
6.0×104
1.9×104
1.4× 104

-5.0× 1o4
-2.5× 10-7
-3.0× 104

2.0x10 5
4.9×10 -6
6.7×10 -6

5.0× 10-s
2.5× 10-5
1.6×10-_
1.8x104
3.3×104
5.6×104

-9.6 ×104
4.5x10 -6
1.1×104
1.7×10-5

4.2×10 -s
2.0×104

-3.7× 10-6
-8.7× 10-7
-2.5× 104
-1.8× 10-6
-1.5× 10-5

1.4×10 -7
2.5×10 -6

-6.0×10 -7

"Nega_ve-nurnber indicates buildup occurred on disk.
bOne specimen set of each composite was tested at each temperature.
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Table 4.4 Friction coefficient rankings for sintered and
HIPped alternates at 2.7 m/s

Rank Sintered Average Friction Coefficient
Composite Over Temperature Range

1 PM226
2 PM212/BaF2
3 PM212/CaF2
4 PM221
5 PM225
6 PM212

Rank

"0.31 +0.06
0.34+0.06
0.34+0.10
0.37+0.09
0.37+0.11
0.38+0.06

HIPped Average Friction Coefficient
Composite Over Temperature Range

1 430NS+Ag
2 PM225
3 PM226
4 PM221
5 PM 212/Au
6 PM212
7 PM212/BaF2
8 430NS
9 430NS+Eut
10 PM212/CaF2

0.25+0.07
0.27+0.04
0,27+0.06
0.30+0.04
0.30_+0.04
0.30_+0.07
0.30_+0.03
0.31_+0.10
0.31 _+0.05
0.33_+0.07

"One standard deviation about average friction
coefficient over temperature range.

Table 4.5 Pin wear rankings for sintered and HIPped alternates at 2.7 m/s

Rank

1
2
3
4
5
6

Rank

1
2
3
4
5
6
7
8
9

10

Sintered

Composite

PM226
PM212/BaF2

PM212
PM212/CaF2

PM225
PM221

Average Pin Wear Over
Temperature Range

Range of Wear Factor

1.7×10-5
2.9× 10-5
3.4× 10-5
3.4×10 -5
5.4× 10-s
7.4×10 -5

1.7×10 -6 to 2,5×10 -s
2.0×10 -s to 3.3×10 -s
1.8×10 -5 to 6.0×10 _
1.2×10 -6 to 5.1 ×10-5
2.0×104 to 9.2x10 -5
1.5x10 -s to 1.7x10 -4

HIPped Average Pin Wear Over Range of Wear Factor
Composition Temperature Range

430NS
430NS+Eut

430NS+Ag
PM226
PM212
PM225

PM212/BaF2
PM221

PM212/CaF2
PM212/Au

8.8×10 -6
8.9x10 -6
9.5×10 -6
1.3×10 -5
1.3×10 -5
1.4×10-5
1.5×10-5
1.9×10 -5
2.5x 10-5
2.6×10 -s

5.1×10 -7 to 1.8×10 -5
1,5×104 to 1.8×10 -5
3,9×10 -_ to 2.0×10 -5
2,0_10 -6 to 2.7×10 -s
5.7x10 -7to 2.9x10 -5
7.3×10 -_ to 2.6×10 -5
5.7_10 -7 to 2.6×10 -5
1.2×10 -6to 4.1 ×10-5
2.0×10 -5to 3.0×10 -5
3.6×10 -6 to 6.2×10 -5
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Table 4.6 Disk wear rankings for sintered and HIPped alternates at 2.7 m/s

Rank

1
2
3
4
5
6

Rank

1
2
3
4
5
6
7
8
9
10

Sintered
Composite

PM212
PM212/CaF2
PM212/BaF2

PM226
PM225
PM221

HIPped

Average Disk Wear Over
Temperature Range

2.1×10 -6
4.5×104
5.4 ×10-6
8.4× 10-6
1.6×10 -5
2.8×104

Average Disk Wear Over

Range of Wear Factor

-2.9×10 -5 to 3.5×104
3.4×10 -6 to 5.3×10 -_

-2.2×104 to 6.8x10 _
6.8x10 -_to 1.0×10 -_
9.8x10 -7to 3,7×10 -5
4.3×104 to 6.7_10 --s

Range of Wear Factor
Composition

PM212/CaF2
PM212/BaF2

PM212/Au
PM225
PM226

430NS+Eut
430NS+Ag

PM212
PM221
430NS

Temperature Range

a-4.5× 104 -1.5x 10"5
5.1 ×10-e -1.8xl 0-°
7.6×10-6 -2.5× 10--5
7.6_10 _
8.2×10 --6
8.3_10 -6
1.7x10 --s
2.0_10 -5
2.2x10 -5 1.4×10 -7
5.0×10 -_ 4.1 ×10-_

p occurred on disk.

to 9.7×104
to 1.7× 10-6
to 5.7× 10-6

2.5×104 to 1.2x10 -6
-6.0× 10-7 to 1.7x 10-_
-3.7×10 -_ to 1.9×10_
6.0×10 -8 to 2.5×10 -_

-8.7×10 -7 to 4.7×10 -s
to 6.5×10 -6
to 6.7x10 -_
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Table 4.7 Density results from sintering and HIPping for the alternates.

Composition
(Sintered)

430NS
PM212

PM212/Ba F2
PM212/CaF2

PM221
PM225

PM226

Theoretical

Density [g/crnA3]
6.99
6.61
6.70
6.19
6.46

6.52
6.85

Measured

Density [g/crn_3]
3.70
5.20
5.36

4.18
4.25
4.26
5.60

% of Theoretical
Achieved

52.9
78.6
8O.0
67.6
65.7

65.4
81.8

% Residual

Porosity
47.1
21.4
20.0
32.4
34.3

34.6
18.2

Composition
(HIPped)

430NS

430NS + Ag
430NS + Eut.

PM212
PM212/Au

PM212.JBaF2
PM212/CaF2

PM221
PM225

PM226

PM221 (45ksi)
PM225 (45ksi)

Theoretical

Density [g/crr¢'3]
6.99
7.44
6.19
6.61
7.48
6.70
6.19
6.46
6.52
6.85
6.46
6.52

Measured

Density [g/crr_3]
7.23
7.58
6.32
6.70
6.34
6.76
6.25
6.32
6.53
6.94
6.41
6.55

% of Theoretical

Achieved (a)
103.5
101.9
102.1
101.4
84.8
100.9
101.0
97.8
100.1
101.3
99.3
100.4

(a) Values over 100% are indicative of experimental error
(b) Negative values are indicative of experimental error

% Residual

Porosity (b)
-3.5
-1.9
-2.1
-1.4
15.2
-0.9
-1.0
2.2
-0.1
-1.3
0.7
-0.4

Table 4.8 0.2% Compressive yield strength [MPa] of the sintered alternates.

Composition
PM212

PM212/BaF2
PM212/CaF2

PM221
PM225
PM226

" 25d_ 760oc 900°C

346.1
268.9

78.6
120.0
86.9

348.2

Temperature
350°C

333.7
246.8

62.7
101.4
80.0

269.6

95.1
82.7
49.6
77.9
66.9

108.9

20.0
9.7

24.1
26.2
27.6
30.3
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General Evaluation Program:
Determine if processin_ and/or

compositional changes significantly alter
performance compared to baseline

PM212.

Select two composites for detailed
comparison under a wider range of test
conditions than studied in the general

evaluation. Establish repeatability
trends at selected conditions.

Select composite which possesses
unique characteristics making it suitable

for a specific application. Study at
conditions which simulate intended

operating condition.

Powder Blending

Mechanical
____ Cold Isostatic

Cold Press =VDress;n"-,w (CIPping)

281 MPa 1 k

Pressureless Sintering I Hot isostatic pressing(HIPping),
m

1100°C in Hydrogen I 1100°C, 138MPa

Figure 1.1 .--Approach utilized for this investigation. Figure 2.1 .--Powder metallurgy (PM) processing routes to make
composites.
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Figure 3.1 .--Induction heated pin-on-disk rig.
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Figure 3.2.--Fumace heated pin-on-disk rig.
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(a) Pin wear scar.

60kA

30 kA

OkA

-30k)k

-60 k,&,

l=

i
|

|

i

0 #m 1000 p.m 2000 #m 3000 #m

(b) Disk wear track profile.

Figure 3.3._Wear measurements of pin and disk speclmens.
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E
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E

_10-3

10-4 --

10-6

10-6

PM212
----E3--- PM221
-. ---O----- PM225
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[]

(a) Pin run-in behavior.

..... _______-.---r.-=-____.._._
o

-- 0
0

10-./ 10 12X103
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Sliding distance, rn

(b) Oisk run-in behavior.

Figure 4.1 .--Run-in behavior of the sintered alternates at 25 _C.
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Eutectic

(a) PM212 (HIPped).

,Silver

(b) PM212 (sintered).

(c) 430NS (HIPped). (d) 430NS (sintered).

. _

, 30NS

(e) 430NS + Ag (HIPped). (f) 430NS + Eut (HIPped).

Figure 4.2.---Optical micrographs of the composite microstructures.

25 pm
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li 430NS
and

. cr_c2|

(a) PM221 (HIPped).

and _

(b) PM221 (sintered).

(c) PM225 (HIPped). (d) PM225 (sintered).

........-O.... Z

(e) 430NS + Ag (HiPped). (f) 430NS + Eut (HIPped).

Figure 4.2.---Continued.
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(a) PM212/BaF 2 (HIPped). (b) PM212/BaF 2 (sintered).

25 pm

(c) PM212/CaF 2 (HIPped). (d) PM212/CaF 2 (sintered).

' _ " Gold "1
430NS

_lli P°reand

--25 p.m!

(e) PM212/Au (HIPped).

Figure 4.2.--Concluded.
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Percent residual porosity

Figure 4.3.--Yield strength versus percent residual porosity in
the sintered alternates.
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(c) 0.27 m/s sliding velocity.

Figure 4.4.--Friction coefficient versus temperature for HIPped
PM21 2 and PM21 2/Au.
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Figure 4.5.--Pin wear factor versus temperature for HiPped
PM212 and PM212/Au.
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(b) PM212/Au. Pin and disk wear at 25 °C.

Figure 4.6.--Run-In effects on wear of HIPped PM212 and
PM212/Au.
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Compositional
backscatter

Nickel
X-ray map

Chromium
X-ray map

Barium/Calcium
X-ray map

Silver
X-ray map

Gold
X-ray map

(a) PM212 Co)PM212/Au

Figure 4.7._EM images showing elemental distribution for HIPped PM212 and PM212/Au.
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(c) PM212 (optical). (d) PM212 (SEM).

Figure 4.8.---Low magnification optical micrographs and high magnification SEM micro-
graphs of HIPped PM212 and PM212/Au.

°'_ _.o_

• -(a)_il_'er I_articles. (b) GoFd particles.

(c) Cross section of gold powder (SEM).

Figure 4.9.--Gold and silver powder morphology.
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(a) 25 °C, no run-in. (b) 25 °C, 0.95 m/s run-in.

(c) 350 °C, no-run-in.

Figure 4.10.---SEM micrographs of wear tracks from 0.027 m/s tests of HIPped PM212/Au
(25 °C and 350 °C).
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Figure 4.11 .--EDS spectra of wear tracks from 0.027m/s tests of
HIPped PM212/Au (25 °C and 350 °C).
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(a) Pin scar, no run-in. (b) Disk wear track, no run-in.

(c) Pin scar, 0.95 m/s run-in. (d) Disk wear track, 0.95 m/s run-in.

Figure 4.12.--Wear surfaces of pins and disks from 0.027 m/s tests of HIPped PM212/Au
(76O °C).
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Figure 4.13.--EDS spectra of wear tracks from 0.027m/s tests of
HIPped PM212/Au (760 °(3).
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Figure 5.1 ._Stacked histogram of average friction coefficients
at all temperatures tested for slntered and HIPped alternates.
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